Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease affecting motor neurons. Mutations in related RNA-binding proteins TDP-43, FUS/TLS and TAF15 have been connected to ALS. These three proteins share several features, including the presence of a bioinformatics-predicted prion domain, aggregation -prone nature in vitro and in vivo and toxic effects when expressed in multiple model systems. Given these commonalities, we hypothesized that a related protein, EWSR1 (Ewing sarcoma breakpoint region 1), might also exhibit similar properties and therefore could contribute to disease. Here, we report an analysis of EWSR1 in multiple functional assays, including mutational screening in ALS patients and controls. We identified three missense variants in EWSR1 in ALS patients, which were absent in a large number of healthy control individuals. We show that disease-specific variants affect EWSR1 localization in motor neurons. We also provide multiple independent lines of in vitro and in vivo evidence that EWSR1 has similar properties as TDP-43, FUS and TAF15, including aggregation -prone behavior in vitro and ability to confer neurodegeneration in Drosophila. Postmortem analysis of sporadic ALS cases also revealed cytoplasmic mislocalization of EWSR1. Together, our studies highlight a potential role for EWSR1 in ALS, provide a collection of functional assays to be used to assess roles of additional RNA-binding proteins in disease and support an emerging concept that a class of aggregation -prone RNA-binding proteins might contribute broadly to ALS and related neurodegenerative diseases.
INTRODUCTION
Amyotrophic lateral sclerosis (ALS, also known as Lou Gehrig's disease or Charcot's disease) is a devastating adult-onset neurodegenerative disease that attacks upper and lower motor neurons (1) . A progressive and fatal muscle paralysis usually causes death within 2 -5 years of disease onset. ALS is mostly a sporadic disease, but 10% of ALS cases are inherited. Because sporadic and inherited forms of ALS are clinically indistinguishable, it is hoped that elucidating the genetic contributors to inherited ALS will also provide insight into the more common sporadic forms of the disease. Pathogenic mutations in several genes have been linked to ALS, including SOD1, TARDBP, FUS/TLS, VAPB, OPTN, VCP, UBQLN2 and C9ORF72 (2 -8) .
Two of these genes, TARDBP (which encodes TDP-43) and FUS/TLS (FUS), are notable because they code for related RNA-binding proteins (9, 10) . Moreover, both of these proteins have been identified as components of pathological aggregates in neurons of ALS patients (11) (12) (13) ). An emerging concept suggested by the association of FUS and TDP-43 with ALS is that defects in RNA metabolism might contribute to disease pathogenesis (14, 15) . Are TDP-43 and FUS lone RNA-binding proteins in ALS or could other proteins with properties like those of TDP-43 and FUS also contribute to disease pathogenesis in similar ways?
To explore this possibility, we recently performed an unbiased functional screen in yeast to identify additional TDP-43-and FUS-like genes. FUS and TDP-43 both aggregate in the cytoplasm and confer cytotoxicity when expressed in yeast (16) (17) (18) (19) (20) (21) (22) . We surveyed 133 additional human RNAbinding proteins in yeast and identified several others that also aggregated in the cytoplasm and were toxic (23) . We further refined this list by identifying a prion-like domain in a subset of these proteins (10, 24) and then proceeded to sequence one of these, TAF15, in ALS patients and controls. We identified several missense variants in ALS patients that were absent in over 1500 healthy controls and provided several lines of evidence that these variants are potentially damaging by testing their effects in vitro, in primary motor neurons, and in Drosophila (23) . An independent study by Ticozzi et al. (25) also identified TAF15 variants in ALS patients and a role for TAF15 in a related neurodegenerative disorder, frontotemporal lobar degeneration, has been recently demonstrated (26) . Together, these findings highlight a potential role for TAF15 in ALS and underscore the utility of the simple yeast model system for predicting new candidate ALS disease genes for further evaluation.
Here, we evaluate the role of EWSR1 (Ewing sarcoma breakpoint region 1) in ALS. We identified EWSR1 as a candidate RNA-binding protein in our yeast functional screen (23) and it is very closely related to TAF15 and FUS. Indeed, all three proteins belong to the same protein family, the FET family (for FUS, EWSR1, TAF15). We analyzed the properties of EWSR1 using diverse approaches, encompassing: in vitro aggregation assays, ability to confer neurodegeneration in Drosophila, sequence analysis of the EWSR1 gene in ALS patients and controls and EWSR1 localization in transfected primary neurons as well as postmortem tissue. These analyses enhance our understanding of the role of FET proteins in ALS and provide a battery of in vitro and in vivo functional assays that can be deployed to test additional ALS candidate genes.
RESULTS

Yeast functional screen identifies additional TDP-43 and FUS-like human RNA-binding proteins
In our initial screen for human RNA-binding proteins with properties similar to TDP-43 and FUS (cytoplasmic aggregation and toxicity and a predicted prion-like domain), we examined 135 out of 213 human RRM-containing proteins (23) . We have recently expanded this analysis to include 40 additional RRM genes. Of these 40, 15 aggregate in the cytoplasm and are toxic. Of these, four (CELF4, HNRNPH2, HNRNPH3, TIAL1) also contained a predicted prion-like domain (Supplementary Material, Table S1 ). Future studies will be required to examine the remaining human RRM genes and this list should also expand to include non-RRM domain-containing RNAbinding proteins, such as KH domain proteins. These data expand the list of human RNA-binding proteins with properties similar to TDP-43 and FUS, providing a resource for further evaluation of some of these proteins in ALS and related neurodegenerative diseases.
Yeast expression of EWSR1 reveals similar properties to TDP-43 and FUS
Similar to TDP-43, FUS and TAF15, expression of EWSR1 in yeast resulted in cytoplasmic aggregation and toxicity and was identified as a hit in our original yeast functional screen (23) . We expressed YFP alone, or YFP-tagged TDP-43, FUS, and EWSR1 in yeast cells from a high copy 2 m plasmid under the control of a strong galactose-inducible promoter (Fig. 1) . Expressing YFP alone resulted in diffuse localization throughout the cytoplasm and nucleus (Fig. 1A) , whereas YFP-tagged TDP-43, FUS or EWSR1 formed multiple cytoplasmic foci (Fig. 1A) . EWSR1 was also toxic when expressed in yeast, albeit not as toxic as FUS and TDP-43 (Fig. 1B) . Thus, EWSR1 shares key features with ALS proteins TDP-43 and FUS (aggregation-prone and toxic).
EWSR1 shares similar domain architecture to TDP-43, FUS and TAF15 and harbors a prion-like domain
Although the biological functions of EWSR1, TAF15 and FUS are not completely understood and there may be key differences between each protein, EWSR1 contains notably similar domain architecture to TDP-43, and especially to FUS and TAF15. Like FUS and TAF15, EWSR1 contains an RRM, a glycine-rich domain, and a RGG-and PY-motif-containing C-terminal domain, which is important for nuclear localization (27) (28) (29) . Furthermore, such as TDP-43, FUS and TAF15, EWSR1 harbors a bioinformatics-predicted prion-like domain (amino acids 1 -280; Fig. 2A ). The prion-like domain is critical for aggregation of TDP-43 and FUS (10, 16, 17, 19, 24) . Remarkably, out of all 213 human RRM proteins, FUS, TAF15 and TDP-43, respectively, ranked 1st, 2nd and 10th for the prion score [Supplementary Material, Table S1 and (23)]. Using the same prion-domain prediction algorithm, EWSR1's prion score ranked 3rd out of 213 RRM proteins and 25th out of 21 873 human proteins. Moreover, the putative prion domain of EWSR1 also satisfies the criteria of an alternative algorithm for predicted prion formation based on 'prion propensities' (derived from random mutagenesis experiments in yeast) (30) ; namely, they contain a region with predicted disorder and with 'prion propensity' .0.05. The core EWSR1 prion domain detected by this algorithm (amino acids 209 -249) scores 0.057 [using the collapse -consecutive -prolines option; (30) ]. Given these striking commonalities in domain architecture, predicted prion domain and propensity to form cytoplasmic inclusions in yeast, we next sought to analyze the EWSR1 gene for mutations in ALS patients.
Identification of EWSR1 variants in ALS patients
Since almost all known pathogenic mutations in FUS and TDP-43 are located in the C-terminal domains of the proteins (9), we focused on the last four exons of the EWSR1 gene (exons 15-18; NM_001163285). These exons comprise the RGG-and PY-motif-containing C-terminal domain, which are important for nuclear localization of FUS and EWSR1 (27, 28, 31, 32) . Complete sequencing of these exons was performed in 817 individuals diagnosed with ALS and in 1082 geographically matched healthy population control individuals (see Materials and Methods for patient and control demographic information). We followed up this analysis with Taqman single nucleotide polymorphism (SNP) genotyping of any patient-specific mutations in 4608 healthy individuals (Supplementary Material, Table S2 ). This approach identified two patient-specific missense variants in EWSR1 in two unrelated ALS patients with sporadic disease (Fig. 2B and C, Supplementary Material, Table S2 ). Missense variants were identified in exon 16 (c.1532G.C, p.G511A) in the first RGG domain and in exon 17 (c.1655C.T, p.P552L) in the second RGG domain ( Fig. 2A) . These individuals had disease onset of 50 years and 36 years, respectively. Neither of these variants were present in 1082 sequenced controls nor in the 4608-targeted SNP-genotyped controls, strongly supporting clinical significance of these variants. Overall, these specific genetic variants in EWSR1 were detected in 2 out of 817 ALS cases and 0 out of 5690 controls (P ¼ 0.015). Furthermore, none of these variants was present in public SNP databases (e.g. dbSNP), the eight HapMAP individuals sequenced (33) , or the 1000 Genomes Project (http ://browser.1000genomes.org/index.html). Notably, the two variants are located in highly conserved regions of the first and second RGG domains of EWSR1 (Fig. 2E ). Since the EWSR1 variants were identified in sporadic ALS cases, familial evidence for segregation with disease was not possible; however, TARDBP and FUS mutations have also been confirmed in apparent sporadic ALS cases (34) . In addition, the parents of the affected individuals were not available to determine whether the mutations occurred de novo or were inherited.
In the process of sequencing these genes in ALS cases and controls, we also identified several synonomous and noncoding variants as summarized in Supplementary Material, Table S2 . In addition, we identified one missense variant that was present in both patients and controls (EWSR1 c. 1750G.A, p.G584S) as well as one variant present only in a single control (EWSR1 c.1903C.T, p.R635C). Thus, taken together, we identified two missense variants in EWSR1 that were not present in ALS cases but not in a very large number of healthy controls. However, the presence of some EWSR1 variants in control individuals indicates that additional functional studies are required to evaluate the effects of each variant on EWSR1, in order to assess its potential for pathogenicity.
Functional studies to evaluate the effects of EWSR1 sequence variants
To provide evidence that the EWSR1 variants found in ALS cases might be pathogenic, we next asked if and how they affected the protein. We reasoned that some EWSR1 variants would likely be benign (e.g. polymorphism), whereas others would be deleterious (e.g. pathogenic mutation). We therefore designed an unbiased functional assay to discriminate potentially deleterious variants from benign variants. We had previously found that some ALS-linked TDP-43 mutations increase aggregation and toxicity in vitro and in yeast cells (17) and enhance neurodegeneration in Drosophila (18) . On the other hand, in recent experiments with FUS, we found that ALS-linked FUS mutants do not aggregate more rapidly than the wild-type (WT) in vitro and in yeast, and are not more toxic than WT in yeast (19) . As with FUS (19) and TAF15 (23), we found that the ALS-linked variants in EWSR1 did not increase aggregation or toxicity in yeast (data not shown). However, ALS-linked mutations in TDP-43 and FUS have been shown to disrupt protein localization, leading to enhanced cytoplasmic accumulation of ALS-linked variants (11,12,28,35 -37) . Given this common feature, we assessed the effects of the EWSR1 variants on subcellular localization. We tested WT EWSR1 as well as two ALS-specific variants (G511A and P552L), one variant found in both ALS and controls (G584S) and one variant found only in controls (R635C).
We transfected WT and mutant EWSR1 into primary motor neurons cultured from rat embryos. WT EWSR1 primarily localized to the nucleus, whereas both ALS-specific variants resulted in increased cytoplasmic and neuritic accumulation ( Fig. 3A and B) . We also tested EWSR1 variant G584S, which was found in both ALS patients and controls (1/817 ALS patients and 1/5690 controls) and R635C, which was found in controls (1/1082 controls). Importantly, in contrast to the patient-specific variants, G584S and R635C did not enhance cytoplasmic or neuritic accumulation in this assay and behaved similar to the WT ( Fig. 3A and B) , providing additional evidence that these variants are not likely to be pathogenic. Additionally, we confirmed that the ALS case with the G584S EWSR1 variant also harbored the recently reported C9ORF72 hexanucleotide expansion (3, 8) , further evidence that this variant is probably not pathogenic, consistent with the results from our functional assays (Fig. 3) .
We observed similar effects on EWSR1 localization when we expressed these proteins in cell cultures of embryonic stem (ES) cell-derived neurons and primary motor neurons isolated from mouse embryos. Transduction of WT EWSR1 in the ES-derived neuronal cultures resulted in a mostly nuclear pattern, with occasional localization to the cytoplasm (Fig. 3C) . Strikingly, the two patient-specific EWSR1 variants analyzed (G511A and P552L) resulted in a significant increase in cytoplasmic accumulation, as well as a pattern of coarse neuritic staining that was less prevalent with the WT proteins (Fig. 3C ). Immunoblotting confirmed that the transduced WT and variant proteins were expressed at similar levels ( Fig. 3C) . Thus, in two independent assays in disease-relevant cell types, 
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ALS-specific EWSR1 variants promoted cytoplasmic mislocalization, indicating that these variants are potentially deleterious and could be involved in pathogenesis.
As additional variants in EWSR1 (and related genes) are identified, these functional assays will be a powerful tool for assessing their potential pathogenicity. Thus, like ALS-linked TDP-43 and FUS mutations, the ALS-linked variants of EWSR1 can also promote cytoplasmic accumulation of the protein in motor neurons, a disease-relevant cell type, providing further evidence in support of the pathogenicity of these variants. Interestingly, in addition to the PY-motif, which can function as a NLS (32), sequences in the last RGG domain of EWSR1 have also been shown to be required for proper nuclear localization (31) . Notably, one of the two EWSR1 variants we identified is located in this domain ( Fig. 2A) , suggesting that perhaps these mutations perturb the function of this RGG domain in a way that decreases its ability to interact efficiently with the nuclear localization machinery, resulting in the enhanced cytoplasmic localization observed in the cell cultures (Fig. 3) . While the other EWSR1 variant, G511A, is located in a RGG domain that has been suggested to not be required for nuclear localization (31) , in other contexts this domain has been shown to contribute to nuclear localization (27) . Moreover, the equivalent domain plays a key role in FUS misfolding and aggregation (19) . Thus, mutations in this region could exacerbate an intrinsic propensity to misfold (see below). Future work will be required to define the specific requirements of RGG domains in EWSR1 for nuclear localization and to evaluate the effects of disease-linked mutations.
The preceding genetic and functional studies highlight a potential role for EWSR1 in ALS pathogenesis. We next sought Figure 3 . ALS-linked EWSR1 mutations promote cytoplasmic localization in motor neurons with mislocalization to the neurites of primary neurons cultured from mouse spinal cord. Primary mouse neuron cultures were transfected with WT or mutant EWSR1, stained with a-EWSR1 (red) and a-doublecortin (DCX, green). G511A and P552L variants were only found in ALS patients, while R635C was only found in controls and G584S was found in both (and this ALS case also harbored a C9ORF72 hexanucleotide expansion). (A) Endogenous EWSR1 is almost exclusively localized within the nucleus of neurons. Overexpression of WT EWSR1, or variants found in controls, shows localization within the nucleus or cytoplasm of neurons, with rare neurites containing EWSR1. Only the ALS-linked mutant forms of EWSR1 showed increased mislocalization into the neurites, including dendrites and axons. Scale bar is 10 mm. (B) Quantitation of mislocalization of endogenous transfected, WT or mutant, EWSR1 into neuronal processes.
* P ¼ 0.0056 for comparing G511A to WT, and P ¼ 0.0008 comparing P552L to WT (two-tailed unequal variance t-test). (C) ES cell-derived neurons were transduced with doxycycline (Dox) inducible lentiviruses expressing WT or ALS-linked mutants of EWSR1, each carrying FLAG and myc epitope tags in their amino-and carboxy-termini, respectively. Five days after induction of expression by Dox, the localization of the proteins was visualized by immunofluorescence microscopy with anti-FLAG antibody (red); nuclei were visualized by 4 ′ ,6-diamidino-2-phenylindole (DAPI) staining (blue). The localization of endogenous EWSR1 was performed with anti-EWSR1-specific antibodies (red) in non-transduced neurons. Induced expression of EWSR1 led to accumulation of proteins in the cytoplasm and neuronal processes of transduced cells and this effect was enhanced by the ALS-linked patient mutations. Expression levels and solubility of transduced proteins were determined by immunoblots with anti-FLAG antibodies of radioimmuno precipitation assay buffer (RIPA) and UREA fractions of cell lysates from EWSR1 WT and mutants 5 days after Dox induction. The expression levels of transduced proteins were comparable between WT and mutants with no apparent accumulation of proteins in the UREA fraction. 
EWSR1 is intrinsically aggregation prone
We purified bacterially expressed glutathione S-transferase (GST)-tagged EWSR1 as soluble protein under native conditions, as previously done for TDP-43, FUS and TAF15 (17, 19, 23) . Upon addition of Tobacco Etch Virus (TEV) protease to specifically remove the N-terminal GST tag (Fig. 4A ), EWSR1 rapidly aggregated at 258C with gentle agitation (Fig. 4B ). If TEV protease was omitted, then little aggregation occurred (Fig. 4B ). EWSR1 aggregated with kinetics similar to FUS and slightly more rapidly than TDP-43, as determined by turbidity (Fig. 4B ) and by the amount that entered the pellet fraction after centrifugation (Fig. 4C) . Thus, the relative aggregation kinetics of FUS, EWSR1 and TDP-43 were foreshadowed by the prion-domain algorithm (24, 46) , which ranks FUS above EWSR1 and EWSR1 above TDP-43. Electron microscopy (EM) revealed that EWSR1 rapidly accessed oligomeric forms (Fig. 4D) , which would frequently adopt a pore-like conformation (Fig. 4D, small arrows;  Fig. 4E ), similar to those formed by TDP-43, FUS and TAF15 (17, 19, 23) . Furthermore, EWSR1 also assembled 
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into linear polymers with a cross-sectional diameter of 15 -20 nm (Fig. 4D , large arrows) that increased in length over time and would often become tangled into large masses by 60 min (Fig. 4D) . In general, the morphology of EWSR1 aggregates was more similar to FUS and TAF15 than to TDP-43, which over this time frame formed shorter polymers that would clump together to form large masses (17) . We also purified bacterially expressed GST-tagged EWSR1 ALS-associated variants: G511A and P552L, as soluble protein under native conditions, as previously done for the WT protein. The N-terminal GST tag was specifically removed by TEV treatment (Fig. 4F) . To distinguish subtle differences in aggregation kinetics, we tracked EWSR1 misfolding in reactions without agitation at 258C. The ALS-associated EWSR1 variants aggregated more rapidly than the WT protein, as determined by turbidity (Fig. 4G) . Thus, similar to TDP-43, FUS and TAF15, and concordant with the yeast data, EWSR1 is inherently aggregation-prone and the patient-specific EWSR1 variants, G511A and P552L, exhibit enhanced aggregation propensity.
EWSR1 causes neurodegeneration when expressed in Drosophila
To analyze the effects of EWSR1 in the nervous system, we used Drosophila. We and others have previously shown that directing TDP-43, FUS or TAF15 expression to the fly nervous system causes neurodegeneration (18,23,38 -45) . We generated a series of transgenic lines that expressed human WT and mutant EWSR1. Directing expression of EWSR1 to the eye of the fly caused degeneration of the structure, with higher levels of expression resulting in a stronger effect (Fig. 5A and B) . Directing EWSR1 expression throughout the nervous system led to a shortened lifespan (Fig. 5C ) and progressive loss of motility (Fig. 5D) . Expressing the ALS-associated variants (G511A and P552L) had similar Fig. 6A and B) . We examined EWSR1 localization in autopsy tissue from six sporadic ALS cases. Immunostaining of formalin-fixed spinal cord sections from ALS patients revealed a predominantly nuclear localization for EWSR1 within motor neurons. However, in the ALS patient sections, we examined there was also significant cytoplasmic staining in either a punctate granular (Fig. 6C -E) or diffuse ( Fig. 6F -H) pattern. The strong punctate granular localization for EWSR1 was not seen in any of the control cases that we examined (n ¼ 3). Thus, EWSR1 is expressed in a disease-relevant cell type and can be mislocalized to the cytoplasm in ALS, further supporting the notion that EWSR1 might contribute to the disease.
DISCUSSION
There has recently been tremendous progress in defining the genetic landscape of ALS (2) . The promise of the genomics revolution is being realized as state-of-the-art sequencing technologies are being combined with tried and true genetics approaches to elucidate new disease genes (47) . To add to these efforts, we recently designed a simple yeast functional screen to identify additional RNA-binding proteins with basic properties shared by the known ALS disease genes FUS and TDP-43, and to evaluate their potential role in ALS (23) . We focused on one gene from this screen, TAF15, which possesses a prominent prion-like domain, and provided evidence for a connection to ALS. Independent studies by others also support a potential role of TAF15 in ALS (25) and FTLD (26) . Here, we focused on EWSR1, another top candidate from our yeast screen that harbors a prion-like domain (ranks 25th in the entire human genome, and 3rd among RRM-bearing prion candidates), and a member of the same protein family as FUS and TAF15. We identified three missense variants in EWSR1, in unrelated ALS patients and two missense variants in unrelated healthy controls. We provide evidence that the variants found in ALS cases alter EWSR1 localization in motor neurons, whereas the variants found in controls do not. We also provide in vitro and in vivo evidence that EWSR1 has properties similar to those of TDP-43, FUS and TAF15 and can confer neurodegeneration in Drosophila. These genetic and functional data are correlative and further studies will be required to directly test if the variants identified in EWSR1 represent bona fide pathogenic disease mutations for ALS. The functional assays described here will empower the evaluation of additional EWSR1 variants for potential pathogenicity.
It is important to note that our studies alone do not prove that EWSR1 is an ALS disease gene. Instead, they contribute to our understanding of the properties of this FUS-related (50) . The yeast functional screen, prion-domain algorithm and in vitro and in vivo assays described here and previously (23, 50) will hopefully contribute to efforts to unravel the genetic underpinnings of ALS and potentially other neurodegenerative diseases.
MATERIALS AND METHODS
Plasmids, yeast strains and media
The yeast strain used was BY4741 [genotype, Mata his3D1 leu2D0 met15D0 ura3D0]. Strains were manipulated and media prepared using standard techniques (51) . The EWSR1 expression construct was generated by Gateway w cloning (Invitrogen), starting with entry clones in pDONR221 and shuttled from entry clones into a modified pGW vector (for motor neuron transfection experiments), created by incorporating the Gateway B cassette into the SmaI site of the pGW vector using the Gateway conversion kit (Invitrogen). ALS patient mutations in EWSR1 were introduced by site-directed mutagenesis using the QuickChange Site Directed Mutagenesis kit (Stratagene). For yeast expression, EWSR1 was shuttled into the 2 mm galactose-inducible yeast expression plasmid pAG426Gal-ccdB-EYFP by Gateway w LR cloning reaction (46) to generate a C-terminally tagged EWSR1 -YFP fusion. Restriction digest and DNA sequencing were used to confirm the integrity of each expression construct.
Yeast transformation and spotting assays
The PEG/lithium acetate method was used to transform yeast with each plasmid DNA from the RRM ORF library (52) . For spotting assays, yeast cells were grown overnight at 308C in liquid media containing raffinose (SRaf/-Ura) until log or mid-log phase. Cultures were then normalized for OD 600 , serially diluted and spotted onto synthetic solid media containing glucose or galactose lacking uracil, and were grown at 308C for 2 -3 days.
Microscopy
For fluorescence microscopy experiments, single colony isolates of the yeast strains were grown to mid-log phase in SRaf/-Ura media at 308C. Cultures were spun down and resuspended in the same volume of SGal/-Ura to induce expression of the TDP-43 constructs. Cultures were induced with galactose for 4 -6 h and processed for microscopy. Images were obtained using an Olympus IX70 inverted microscope and a Photometrics CoolSnap HQ 12-bit CCD camera.
Prion-prediction algorithm
Proteins were parsed into prion-like and non-prion-like regions using a hidden Markov model developed to identify regions that have the unusual amino acid composition characteristic of yeast prions (24, 53) . Prion-like regions of length ≥60 were given a prion-domain score, defined as the maximum log-likelihood for the prion-like state vs. the non-prion-like state over any 60 consecutive amino acids within the regions (53) . Among the 21 873 human genes analyzed (Ensembl GrCh37.59), 246 had prion-like regions of length ≥60, and were ranked by the prion-domain score. For genes with multiple transcripts, the longest one was used, with the one with lowest Ensembl Transcript ID used in case of ties.
Sequencing the EWSR1 gene in ALS patients and controls
Genomic DNA from non-Latino Caucasian individuals with sporadic ALS (n ¼ 552) was obtained from the Coriell Institute for Medical Research (Coriell, Camden, NJ, USA) distributed in 96-well plates NDPT025, NDPT026, NDPT030, NDPT100, NDPT103 and NDPT106. Additional genomic DNA samples from patients verified to meet El Escorial criteria for definite or probable ALS by a neurologist (n ¼ 258) or with neuropathologic findings consistent with ALS (n ¼ 88) were obtained from the University of Pennsylvania (PENN) Center for Neurodegenerative Disease Research. All subjects were collected with the PENN Institutional Review Board approval. The racial background of the PENN subjects was 90% non-Latino Caucasian, 5% black and 5% mixed or other. The PENN subjects were 57% male and had an average age of onset of 57 years (8 -89) and an average duration of disease of 4 years (range 1 -46). A family history of ALS (FALS) was present in 29 of 250 patients (11.6%) for which family history was available. Mutations in SOD1 and FUS/TLS were excluded in all the familial ALS cases and TARDBP mutations excluded in all PENN cases. All cases with potentially pathogenic variants in EWSR1 were also sequenced for TARDBP, FUS, SOD1 and C9ORF72.
Six hundred seventy-nine neurologically normal control samples from Coriell were distributed in 96-well plates NDPT084, NDPT090, NDPT093, NDPT094, NDPT095, NDPT096, NDPT098 and NDPT099. An additional 90 neurologically normal control samples were obtained from the Children's Hospital of Philadelphia (CHOP)
seventy-nine DNA samples from cognitively normal individuals .60 years of age were obtained from the National Cell Repository for Alzheimer's Disease (NCRAD, Indianapolis, IN, USA). We sequenced exons 15-18 of EWSR1 which encode the C-terminal domains of EWSR1. EWSR1 was successfully sequenced in 817 ALS cases (n ¼ 514 Coriell and n ¼ 303 PENN) and 1082 controls. Bidirectional sequencing was performed by separately amplifying EWSR1 exons 15-16, 17 and 18 from samples using the polymerase chain reaction (PCR). PCR primers and cycling conditions used for amplification and sequencing are available upon request. Amplicons were purified, processed and sequenced using Big-Dye w Terminator v3.1 sequencing (Applied Biosystems). All variants identified were confirmed by repeat sequencing. Sequence analysis was performed using Sequencher DNA Software.
SNP genotyping
DNA samples from 4811 de-identified healthy control subject of European ancestry who were recruited from the CHOP Health Care Networks (parents of children cared for at CHOP) were screened for mutations in the EWSR1 gene, using a custom-designed TaqMan SNP genotyping assay from Applied Biosystems:
Marker name Assay ID SNP alleles AA change Gene name
A total of 10 ng of DNA was used as a template for the PCR reactions. Samples were run on the 7900HT analyzer from Applied Biosystems, after pooling three samples per run to expedite the screening process. Along with the pooled samples, each 384-well plate contained a positive and non-template control. Subsequent endpoint allelic discrimination was performed, using the SDSv2.4 software from Applied Biosystems. To ensure mutations were captured from the pooled approach, a test plate was run with mixtures of 1 heterozygous (het) positive and 1 homozygous (hom) negative sample; 1 het pos and 2 hom neg; and 1 het pos and 3 hom neg. The positive alleles were detected in all pools and a mixture of 3 unknowns was ultimately chosen for the study.
EWSR1 protein purification
EWSR1 was expressed and purified from E. coli as a GST-tagged protein. EWSR1 was cloned into GV13 to yield GST-TEV-EWSR1 and overexpressed in E. coli BL21 Star (Invitrogen). Protein was purified over a glutathione-sepharose column (GE) according to the manufacturer's instructions. GST-EWSR1 was eluted from the glutathione sepharose with 50 mM Tris -HCl, pH 7.4, 100 mM potassium acetate, 200 mM trehalose, 0.5 mM ethylenediaminetetraacetic acid (EDTA) and 20 mM glutathione. After purification, protein was concentrated to 10 mM or greater using Amicon Ultra-4 centrifugal filter units (10 kDa molecular weight cut-off; Millipore). Protein was then filtered through a 0.22 mm filter to remove any aggregated material. After filtration, the protein concentration was determined by the Bradford assay (Bio-Rad) and the proteins were used immediately for aggregation reactions.
EWSR1 in vitro aggregation assays
Filtered, purified GST-EWSR1 protein was used immediately for aggregation assays. Aggregation was initiated by the addition of TEV protease (Invitrogen) to EWSR1 (3 mM) in assembly buffer: 50 mM Tris -HCl, pH 7.4, 100 mM potassium acetate, 200 mM trehalose, 0.5 mM EDTA and 20 mM glutathione. Aggregation reactions were incubated at 258C for 0 -90 min with agitation at 700 rpm in an Eppendorf Thermomixer. No aggregation occurred unless TEV protease was added to separate GST from EWSR1. Turbidity was used to assess aggregation by measuring absorbance at 395 nm. For sedimentation analysis, reactions were centrifuged at 16 100g for 20 min at 258C. Supernatant and pellet fractions were then resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS -PAGE) and stained with Coomassie Brilliant Blue, and the amount in either fraction determined by densitometry in comparison to known quantities of EWSR1. For EM of in vitro aggregation reactions, protein samples (20 ml of a 3 mM solution) were adsorbed onto glowdischarged 300-mesh Formvar/carboncoated copper grid (Electron Microscopy Sciences) and stained with 2% (w/v) aqueous uranyl acetate. Excess liquid was removed, and grids were allowed to air dry. Samples were viewed using a JEOL 1010 transmission electron microscope.
Drosophila experiments
Transgenic flies expressing human EWSR1 were generated by standard techniques using the pUAST vector. To direct transgene expression to the eye, gmr-GAL4 driver was used. To direct expression to motor neurons, D42-GAL4 driver was used. Locomotor activity was assessed using a climbing assay as described in ref. (18) .
EWSR1 plasmid and cell culture
EWS WT and mutants were amplified by PCR using the following primers: hEWS-specific primers (forward, hEWSKozMFlagf 5 ′ -TCA CCA TGG ACT ACA AGG ACG ACG ATG ACA AAA TGG CGT CCA CGG ATT ACA G-3 ′ ; reverse, hEWSMycNotIr 5
′ -CAC GCG GCC GCC TAC AGA TCC TCT TCT GAG ATG AGT TTT TGT TCG TAG GGC CGA TCT CTG-3 ′ ). PCR-amplified fragments were cloned into the pEN-Tmcs entry vector using T4 DNA ligase (Promega) and recombined by LR-clonase (Invitrogen) into pSLIK-Neo destination vector (Signaling-gateway) to obtain pSLIK-EWS WT and mutants plasmids. Mouse ES cells were maintained in the ES medium [Dulbecco's modified Eagle's medium (DMEM), 15% fetal bovine serum (FBS), 1× penicillin/streptomycin, 1× glutamax, 1× non-essential amino acid, 1× sodium pyruvate, 0.1 mM beta-mercaptoethanol, 1000 m/ml LIF, 25 mM PD98059] on a gelatinized plate without feeder cells. For differentiation, the protocol of Wichterle et al. (54) was followed.
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Briefly, 1 × 10 6 ES cells were cultured with the ADFNK medium (45% advanced DMEM/F12, 45% neurobasal medium, 10% knockout serum replacement, 1× penicillin/ streptomycin, 1× L-glutamine, 0.1 mM beta-mercaptoethanol) for 5 days to form embryonic bodies (EBs)-small floating aggregates of ES cells. EBs were utilized for neurons culture on day 6 of differentiation. ES cells differentiated into neuron were dissociated into single cells and plated on a poly-L-lysine/ laminin-coated 12-well chamber or Nunc 8-well chambers with the ADFNB + GDNF medium [49% advanced DMEM/ F12, 49% neurobasal medium, 2% B27 supplement, 1× penicillin/streptomycin, 1× L-glutamine, 5 ng/ml glial cell linederived neurotrophic factor (GDNF)].
Lentivirus production and transduction
The pSLIK expression lentivector was transfected along with lentivirus packaging and pseudotyping plasmids into 293T cells using Lipofectamine 2000 reagent (Invitrogen) following the manufacturer's instructions. 293T cells were cultured in DMEM (GIBCO Invitrogen) and 10% fetal plex serum (Gemini). Plasmids were cotransfected by using 6 mg of pSLIK plasmid, 4.5 mg of the packaging plasmid psPAX2 (Addgene) and 3 mg of the vesicular stomatitis virus (VSV) G envelope plasmid pMD2 (Addgene) diluted in Opti-MEM (Gibco Invitrogen). The viral supernatant was collected 48 h after transfection, passed through 0.45 mm pore size filters and concentrated by ultracentrifugation onto a 20% sucrose gradients using SW41 rotor (Beckman) at 20 000 rpm for 2 h at 48C. Viral pellets were resuspended in the ADFNB medium and stored in aliquots at 2808C. For transduction, cells were mixed with the virus at a low MOI to ensure ,30% infection frequency such that the majority of transduced cells contained single viral integrants. Four micrograms of polybrene/ml (Sigma) was included and cells were plated on either a 12-well chamber or Nunc 8-well chambers (56815-1PAK; Fisher). To induce protein expression, 1 mg/ ml Doxycycline (DOX; Millipore) was added to the cells 24 h after transduction and for 5 days.
Immunofluorescence analysis
For immunostaining, neurons were washed 3× with 1× phosphate buffered saline (PBS), fixed for 30 min with 3.7% paraformaldehyde, permeabilized using 0.1% Triton X-100 for 10 min, blocked with 3% bovine serum albumin in PBS for 15 min and incubated overnight at 48C with primary antibodies as follows: anti-EWS (1:4000; Santa Cruz, sc-28327) and anti-FLAG M2 (1:5000; Sigma, F1804-1MG). Cells were washed 3× with 1× PBS and incubated with either Alexa-Fluor 555 goat anti-rabbit IgG (1:1000; Molecular Probes, A21429) or Alexa-Fluor 555 goat anti-mouse IgG (1:1,000; Molecular Probes, A21424). Cells were mounted with prolong plus 4 ′ ,6-diamidino-2-phenylindole (DAPI) (Invitrogen) and were visualized with an Olympus BX-60 microscope. Images were recorded with a Spot Digital camera.
Cell fractionation and immunoblot analysis
For western blot analysis, 5 × 10 5 cells of neurons, transduced with pSLIK lentivectors expressing TAF15 or EWS WT and mutants and induced with 1 mg/ml DOX for 5 days, were lysed using radioimmuno precipitation assay buffer (RIPA) buffer (0.1% SDS, 0.5% deoxycholate, 1% NP-40, 150 mM NaCl, 50 mM Tris -HCl, pH 8.0) for 10 min on ice and centrifuged at 13 000 rpm for 10 min to obtain the soluble fractions. Pellets were lysed with urea buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, pH 8.5) and were sonicated to obtain the insoluble fractions. Cell lysates were separated by Nu-PAGE (4 -12% gradient gels; Invitrogen), transferred to nitrocellulose membranes and analyzed by western blotting with ECL plus detection reagents (GE Healthcare). Primary antibodies used were as follows: anti-FLAG M2 (1:10 000; Sigma), anti-GAPDH (1:20 000; Sigma). A secondary anti-mouse IgG HRP antibody was used at a dilution of 1:10 000. Membranes were developed using X-ray film (Kodak).
Mouse primary motor neuron transfection and immunofluorescence
Primary neuron cultures were transfected after 5 days in vitro using Lipofectamine LTX with PLUS reagent (Invitrogen) according to the manufacturer's protocol in media lacking antibiotics. Media were replaced 12 h following transfection with media containing antibiotics. Cells were harvested for immunoflourescence 96 h after transfection. Briefly, cultures were washed in PBS and fixed in 4% paraformaldehyde 15 min, then washed in 1× PBS 4×. Cells were blocked for 1 h in blocking solution (2% fetal bovine serum, 0.02% Triton X-100, 1× PBS), and then incubated 1 h in primary antibody at RT. Cells were then washed 3× in PBS, and then incubated with secondary antibody 1 h RT. Cells were then washed with blocking solution and mounted in Vectashield mounting media with DAPI (Vector). Antibodies used were: a-EWSR1 mouse antibody (Santa Cruz), 1:1000; a-Doublecortin goat antibody (Santa Cruz) 1:500; Cy-3 conjugated a-mouse IgG (Jackson Immunoresearch), 1:250; Cy-3 conjugated a-rabbit IgG (Jackson Immunoresearch), 1:250; and Cy-2 conjugated a-goat IgG (Jackson Immunoresearch), 1:250. Cells were visualized by light microscopy. Localization of EWSR1 was quantified using blinded analysis of random fields of cells. The number of neurons with EWSR1 staining in processes was divided by the total number of neurons counted to yield the percent of neurons with EWSR1 in neuronal processes. More than 50 neurons were analyzed for each condition. Neurons were identified using morphology and doublecortin staining.
Immunohistochemistry
Formalin-fixed, paraffin-embedded human spinal cord sections were deparaffinized before pre-treatment using heat antigen retrieval with Bull's Eye Decloaker (BioCare Medical). Endogenous peroxidase was then blocked with 3% hydrogen peroxide in PBS for 10 min. After washing with 0.1%, PBST blocking was performed with 10% goat serum, and 0.5% PBST for 30-60 min at 258C. Sections were incubated with 
Statistical analysis
Two-tailed Fisher's exact tests were used to evaluate genetic association between sequence variants and ALS.
